This is the first report of the in vivo effectiveness of memantine as a neuroprotective agent against rotenone-induced retinal toxicity. We tested the hypothesis that uncompetitive NMDAR blockade with memantine prevents mitochondrial dysfunction-related neurodegeneration in vivo, using a mouse model of retinal ganglion cell layer (GCL) degeneration induced by rotenone, a mitochondrial complex I inhibitor. Rotenone induced an increase in cell death and oxidative stress in GCL compared to controls, and these changes were prevented by the co-administration of memantine. The neurotoxic effect of rotenone was also reflected as a decrease in total cell density in GCL and GCL + nerve fiber layer thickness. These changes were also prevented by co-administration of memantine in a dosedependent manner. In addition, memantine induced an increase in long-term retinal energy metabolic capacity. The results suggest that NMDAR activation contributes to cell death induced by mitochondrial dysfunction and that uncompetitive NMDAR blockade may be used as a neuroprotective strategy against mitochondrial dysfunction in neurodegenerative diseases.
Introduction
Mitochondrial dysfunction and excitotoxicity are interrelated events that seem to have a critical role in neurodegeneration (Schinder et al., 1996 , Sengpiel et al., 1998 , Kanki et al., 2004 . Inhibition of mitochondrial function has been shown to produce energy depletion, increase oxidative stress and induce apoptosis in several models (Sherer et al., 2003 , Beretta et al., 2006 , Zhang et al., 2006b . Energy depletion impairs membrane potential resetting and maintenance, which promotes constant neuronal excitation, massive influx of calcium mainly via NMDA receptor (NMDAR) activation, and the concomitant hyperactivation of proteases, lipases and endonucleases (Winkler, 1983 , Henneberry et al., 1989 , Chiu et al., 2005 . Oxidative stress activates apoptosis signaling pathways and further impairs the function of components of both the mitochondrial and cell membranes (Cassina and Radi, 1996 , Brookes et al., 1998 , Rosenstock et al., 2004 . Thus, mitochondrial dysfunction and excitotoxicity appear to be synergistic cellular events implicated in a vicious cycle enhancing occurrence of cell death and possibly having significant implications in the pathogenesis of neurodegenerative disorders.
Interruption of this vicious cycle may decrease activation of cell death signals, having an impact on the onset and progression of neurodegeneration. One of the candidate strategies to achieve this is by impairing NMDAR hyperactivation, a key event in excitotoxicity. Memantine is an amantadine derivative that exerts an uncompetitive antagonist effect on the NMDAR activation (Chen and Lipton, 1997) . This means that its ion channel-blocking effect takes place only when the NMDAR has been previously activated by glutamate in a sustained manner. Thus, this antagonist might interfere with excitotoxic activity without significantly affecting normal function during synaptic transmission or long-term potentiation (Chen et al., 1998) . This should represent an advantage when excitotoxic damage is to be prevented in a neuronal network subjected to the cellular stress introduced by mitochondrial dysfunction. In the present study, this hypothesis was tested using an in vivo toxicological model of retinal neurodegeneration induced by rotenone described previously (Zhang et al., 2002 , Zhang et al., 2006a )‥ Rotenone is a specific inhibitor of mitochondrial complex I that may constitute a major environmental neurotoxin. It has been previously reported that a single intravitreal injection of rotenone causes retinal neurodegeneration by increasing reactive oxygen species production and by decreasing oxygen consumption (Zhang et al., 2006b ). This model is suitable for efficiently testing the efficacy of candidate neuroprotective interventions, since it allows the assessment of in vivo biological effects in a relatively accessible part of the central nervous system, with the advantage of a within-subject control design. The present experiments evaluated the in vivo effects of memantine on cell death, morphological neurodegenerative changes, oxidative stress and energy metabolism induced by rotenone in the retina.
Results

Cell death and histopathology
Memantine prevented the increase in TUNEL+ cells in the ganglion cell layer induced by rotenone, as early as 1 hr post-treatment. Compared to vehicle treated controls (3 ± 0.3 TUNEL + cells per section), rotenone induced an early significant increase in TUNEL+ cells in the retinal ganglion cell layer (GCL) (7.2 ± 2 TUNEL+ cells per section, p<0.01), a change that was detected 1 hr after injection. This effect was prevented by the co-administration of 70 µg/ kg memantine (0.5 ± 0.3 TUNEL+ cells per section, F 2,36 =7.2, p<0.01) (Figure 1 ). There was no longer a difference in the mean number of TUNEL+ cells between control and rotenonetreated groups after 24 hr (F 2,14 =2.5, p=0.12). By 24 hr the TUNEL+ cells found at 1 hr postrotenone may have disappeared due to the loss of GCL cells seen 24 hr after rotenone (Zhang et al., 2006a) .
Memantine prevented the decrease in ganglion cell layer cell density induced by rotenone at 24 hr post-treatment. Since only a small fraction of the GCL cell population was TUNEL+ by 1 hr post-injection, and based on previous morphometric analyses after rotenone intravitreal administration (Zhang et al., 2006a) , a significant change in retinal morphology was not expected at 1 hr. Alteration of the retinal anatomy was evaluated 24 hr after injection, a timepoint previously shown to be sufficient to detect alterations of retinal stereological parameters induced by rotenone (Zhang et al., 2002) . The neurotoxic effect of rotenone was reflected as a 19.9% decrease in the mean total cell density in the GCL (26,792 ± 2,885 cells/mm 3 vs. control 33,476 ± 3,694 cells/mm 3 , p<0.04). This change was prevented by the coadministration of memantine with cell densities of 40,427 ± 3,972, 42,680 ± 3,839 and 40,040 ± 6 ,181 cells/mm 3 (respectively memantine 0.7, 7 and 70 µg/kg) (F 4,65 =2.6, p<0.05) (Figure  2 ).
Memantine visibly prevented the signs of retinal histopathology induced by rotenone at 24 hr post-treatment, as illustrated in optic pole samples of sagittal retinal sections stained for complex I activity (Figure 3 ). Rotenone induced a 32.6% decrease in the mean GCL + retinal nerve fiber layer (RNFL) thickness (16.3 ± 0.9 µm vs. control 24.2 ± 1.3 µm, p<0.001) ( Figure  4 ). This reduction in GCL + RNFL thickness was prevented by memantine in a dose-dependent manner (16.9 ± 1, 18.9 ± 2, 21.8 ± 1 µm, for memantine 0.7, 7 and 70 µg/kg, respectively). Only high doses, but no a low dose of memantine were effective in preventing the reduction in GCL+RNFL thickness (F 4,62 =6.6, p<0.001) . At 2 weeks, there was no group difference in the mean GCL+RNFL thickness (control 15.8 ± 1 µm, rotenone 11.8 ± 1 µm, 70 mg/kg memantine/rotenone 13.3 ± 4 µm, F2,16=0.61, p=0.5).
In addition, the rotenone-induced decrease in cell density was not the result of edema, since no significant changes at 24 hr were detected in terms of total retinal volume between groups (rotenone 0.58 mm 3 vs. control 0.56 mm 3 , p=0.64) ( Figure 5 ). This measurement reflects the volume of all layers in both the central and peripheral regions of the retina, as opposed to a localized sampling.
The use of unbiased stereological techniques maximized the accuracy and efficiency of the measurements. At 24 hr GCL + RNFL thickness was highly sensitive to rotenone's neurotoxicity, as demonstrated by the large effect sizes ( Table 1) . The low coefficient of error and the low contribution of the stereological method to the observed variation between groups demonstrated that most of the variation observed is due to treatment effects (Table 1) .
Retinal oxidative stress
The rotenone-induced histopathological changes described above were hypothesized to be mediated by an increase in oxidative stress exacerbated by NMDAR hyperactivation. We tested whether memantine would prevent the in situ increase in retinal oxidative stress induced by rotenone at 24 hr, by measuring dihydroethidium (DHE) fluorescence. Rotenone-treated retinas showed a 2-fold increase in the mean relative DHE fluorescence, compared to control ( Figure 6 ). Only GCL cells appeared to show an increase in oxidative stress in response to rotenone, since DHE signal increased only in this layer. Memantine co-administration (70 µg/ kg) was effective in reducing the increase in oxidative stress induced by rotenone, since memantine-treated retinas showed no difference in DHE fluorescence, compared to control (F 2,14 =3.6, p<0.05). This effect was also evident only in GCL, but not in other retinal layers (F 2,14 =0.5, p=0.61).
Metabolic energy capacity
In addition to decreasing oxidative stress, NMDAR modulation by memantine was expected to allow the establishment of an adaptive response for neuronal survival. To test this hypothesis, we examined the retinal neuroplasticity in response to treatments, by means of the cytochrome oxidase activity histochemical staining procedure. Cytochrome oxidase is the terminal enzyme of the respiratory chain; its activity is the rate-limiting step for oxidative phosphorylation and it is tightly correlated with sustained neuronal metabolic demands, showing activity-dependent changes in function and expression (Hevner and Wong-Riley, 1993, Gonzalez-Lima and Cada, 1994) . Thus, measurement of cytochrome oxidase activity was used to determine the effects of rotenone and memantine on retinal energy metabolism capacity. Memantine (70 µg/kg) plus rotenone-treated sections showed an increase in cytochrome oxidase activity relative to control at 2 weeks (248.2 ± 15 and 161.4 ± 21 µmol/min/mg, respectively, F 2,14 =3.4, p<0.05), whereas no change was detected at 24 hr (control, 132.7 ± 15 µmol/min/mg and memantine/rotenone, 142 ± 15 µmol/min/mg, F 2,14 =0.32, p=0.9) (Figure 7) . Finally, the metabolic activity in both the control and rotenone groups at 24 hr was similar to their respective counterparts at 2 weeks. Nevertheless, the metabolic activity at 2 weeks in retinas co-treated with memantine and rotenone was 74.6 percent higher than the one at 24 hr receiving a similar co-treatment, a difference that was significant.
Discussion
This study is the first to report the in vivo effectiveness of memantine as a neuroprotective agent against rotenone-induced retinal toxicity. Rotenone is a naturally occurring high-affinity inhibitor of mitochondrial complex I that impairs oxygen consumption (Zhang et al., 2006b) and oxidative phosphorylation (Ernster et al., 1963, Davey and Clark, 1996) , and promotes oxidative stress (Koopman et al., 2005) and cell death (Sherer et al.,2003) . Rotenone is a potential environmental neurotoxin. The United States is the greatest consumer of rotenone, with an annual usage estimated between 25,000 and 60,000 kg, most of which are used for pesticidal purposes, on both food and non-food crops, livestock and lakes (Ling, 2003) .
In this study, low amounts of rotenone (6 µg per eyeball) rapidly triggered a 2.4-fold increase in the number of TUNEL positive cells after only one hour of exposure. The rapid toxicity of rotenone is a phenomenon that has been previously demonstrated in non-neural cells in in vitro systems where significant increases in apoptotic cells can be detected as early as 20 min after rotenone exposure (Isenberg and Klaunig, 2000) . Our findings confirm that GCL cells are highly sensitive to the neurotoxic properties of rotenone in vivo. At 24 hr rotenone produced a ≈20% decrease in the GCL cell density and a ≈30% decrease in GCL + RNFL thickness. As previously shown, the reduction in thickness produced by rotenone at 24 hr is due to a ≈90% decrease in RNFL thickness and a 20% decrease in GCL thickness alone (Zhang et al., 2006a) . The sensitivity of GCL cells was further supported by the fact that GCL showed a higher degree of oxidative stress compared to other retinal layers. Previous research has demonstrated that rotenone is particularly toxic to GCL cells in vitro, inducing cell death, impaired glutamate uptake, and increases in oxidative stress (Beretta et al., 2006) . GCL cells seem to share a differential vulnerability to the oxidative damage induced by rotenone with cells in the striatum, midbrain and cortex, whereas other neuronal populations in the cerebellum or hippocampus appear to be more resistant to rotenone's toxic effects (Sherer et al., 2003) .
These data highlight that rotenone is not only relevant for the study of a causative role of environmental neurotoxins in human diseases, but also that this potent neurotoxic agent is ideal for promoting a context of retinal neurodegeneration in order to assess the effects of candidate neuroprotective interventions. The stereological estimates used for the morphometric analysis reported here displayed great accuracy and showed that the observed variability could be more attributable to biological factors and experimental conditions than the morphometric method itself. In addition, among the reported effect sizes for morphological estimates, the largest one was seen in layer thickness, which suggest not only that the status of nerve fibers is specifically vulnerable to complex I inhibition, but also that the complex I histochemical method exhibits exquisite sensitivity for detection of the layer thickness changes in the retina induced by the pharmacological treatments. Although drastic, the neurodegenerative changes in GCL+RNFL could only be detected with the application of this methodology, whereas the whole retinal volume analysis, which did not take into account the neurochemical properties of the tissue or a differential layer selection, did not reveal such a change.
Memantine is an FDA-approved drug that is clinically used to retard the cognitive decline in cases of moderate to severe Alzheimer's disease. Memantine has unique pharmacodynamic features, with ion channel blocking effects that are limited to pathologically hyperactive NMDAR. Memantine reduces NMDA-activated currents, while having no effects on responses to GABA or AMPA (Parsons et al., 1993) . Both its high selectivity and its antagonistic activity on active NMDAR contribute to increasing its therapeutic index, while maximizing its antiexcitotoxicity properties. Memantine is a versatile agent exhibiting neuroprotective effects in several models of neurodegeneration, including ischemia (Ehrlich et al., 1999) , oxygenglucose deprivation (Frankiewicz et al., 2000) and amyloid β-induced neurotoxicity (MiguelHidalgo et al., 2002 , Yamada et al., 2005 . Schulz et al (1996) , reported that memantine prevented the volumetric changes in the mouse striatum following administration of malonate, a complex II inhibitor, demonstrating that memantine could be used to prevent the deleterious effects of mitochondrial dysfunction. In vitro studies have shown that memantine diminishes the toxicity induced by 3-nitropropionic acid, another complex II inhibitor, in cerebellar granular cell cultures (Volbracht et al., 2006) , cholinergic neurons (Wenk et al., 1996) , and hippocampal slices (Karanian et al., 2006) . Despite the evidence supporting a relevant role of complex I inhibition in neurodegeneration, the effects of memantine against complex I inhibition have remained largely unexplored. The first demonstration of the neuroprotective properties of memantine against complex I inhibition using an in vitro system was recently reported by Volbracht and coworkers (2006) . This group demonstrated that memantine preserved the neurite integrity and prevented cell death in cerebellar granular cell cultures exposed to the synthetic complex I inhibitor MPP + .
The present study provides evidence that memantine can prevent the in vivo morphological damage induced by complex I inhibition with the natural xenobiotic rotenone. The neuroprotective effects of memantine co-administered with rotenone were observed as early as 1 hr, manifested as no change in cell death in GCL as compare to the vehicle-treated control. At 24 hr, rotenone and memantine showed no effects on TUNEL+ cell numbers, which suggests that TUNEL+ cells found at 1 hr post-rotenone may have disappeared due to the loss of GCL cells seen 24 hr after rotenone (Zhang et al., 2006a) .
Memantine may exert an early biological effect that may constitute a relevant mechanistic step in neuroprotection. Tremblay et al. (2000) demonstrated that pre-exposure of rat cortical neurons to memantine for 30 min is sufficient to protect against NMDA-mediated cell death, even when this lethal insult is applied 48 hr after the brief memantine exposure. Although animal studies have demonstrated that neuroprotection with memantine is achieved after relatively prolonged periods of steady plasma concentrations, it is possible that even transient exposures to the drug result in advantageous cellular effects. The observed effects of memantine on TUNEL+ cells found at 1 hr post-rotenone may be a consequence of the features of the model that was used. This model involves local intraocular administration of both rotenone and memantine. This approach minimizes issues of bioavailability associated with systemic drug administration and accelerates the onset of pharmacodynamic interactions of both compounds.
Memantine had remarkable neuroprotective effects against rotenone-induced morphometric tissue changes at 24 hr. It not only prevented the reduction in GCL cell density but also prevented the thinning of GCL + RNFL in a dose-dependent manner. This effect together with the high efficiency of the stereological estimates support that the complex I staining technique is highly sensitive for detecting the thickness changes of GCL + RNFL. Rotenone increased in situ retinal oxidative stress, which likely mediated the neurodegenerative morphological changes, and memantine prevented this increase in oxidative stress. Since memantine is known for its uncompetitive NMDAR antagonistic properties, the results suggest that excitotoxic damage mediates neurodegeneration induced by mitochondrial dysfunction. Energy depletion induced by rotenone is associated with mitochondrial and cell membrane depolarization (Rizzardini et al., 2006) and the later facilitates NDMAR activation, which may mediate excitotoxicity and further increases in oxidative stress (Sengpiel et al., 1998) . NMDAR modulation with memantine may stop the excitotoxic response by decreasing the energy expenditure in otherwise energy-depleted cells, but most importantly may facilitate the expression of intracellular mechanisms to cope with oxidative stress, events that may promote neuronal survival.
The effects of memantine on long-term metabolic capacity were evaluated histochemically by analyzing changes in retinal cytochrome oxidase activity. At 2 weeks, memantine produced an increase in retinal metabolic capacity in the presence of rotenone, but no effect was observed at 24 hr. Changes in metabolic capacity are expected to parallel changes in neural energy demands (Gonzalez-Lima and Cada, 1994) . The increase in metabolic capacity in memantinetreated retinas suggests that neurons were able to increase the long-term expression of functional proteins, which otherwise may be compromised in the presence of rotenone. From this perspective, neuroplasticity of energy-related proteins such as cytochrome oxidase would be essential to sustain further adaptive processes, showing the most robust plasticity effects (Hevner and Wong-Riley, 1993 ).
The results suggest that memantine may be used to prevent neurodegeneration promoted by mitochondrial dysfunction. Strategies against the immediate consequences of mitochondrial dysfunction (i.e. energy depletion and increased oxidative stress) include induction of antioxidant enzymes or administration of antioxidant xenobiotics. Although both of these strategies are theoretically compelling, the first one could lead to failure because it relies on gene expression and protein synthesis, cellular processes that might be compromised by energy depletion. The second strategy assumes that the xenobiotic antioxidant will have an optimal bioavailability in its adequate redox form through the blood-brain barrier and cell membranes to reach the effective intramitochondrial antioxidant concentrations, which may be problematic for some compounds. The results of this study suggest the existence of a critical interaction between the mitochondria and the cell membrane that can be manipulated through uncompetitive NMDAR blockade to prevent neurodegeneration induced by mitochondrial dysfunction. Hence, the results may be relevant for the management of some neurodegenerative illnesses, especially Leber's optic neuropathy.
Experimental procedure
1 Subjects and reagents
Adult male CBA/J mice (N=47, average weight 27 g) were obtained from Jackson Laboratory (Bar Harbor, ME). Animals were maintained in clear plastic cages with food and water ad libitum and subjected to standard light cycles (12 hr light/12 hr dark) in an animal facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care. All experimental procedures were approved by the Institutional Animal Care and Use Committee of the University of Texas at Austin. Unless otherwise specified, all chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO).
2 Intravitreal injections
Subjects were anesthetized by an intraperitoneal injection of a mixture of ketamine hydrochloride (45 mg/kg), xylazine hydrochloride (9 mg/kg), and acepromazine (1.5 mg/kg). Under a stereomicroscope, a small sclerotomy was performed in the superior temporal quadrant of the eye to give access to the vitreous body. The microinjection was done immediately underneath the corneoscleral junction with a 30-G dental injection needle (Monoject®, Sherwood Medical Company, Norfolk, NE). The needle was connected by polyethylene tubing (internal diameter=0.38 mm) to a 10 µl Hamilton microsyringe. The injections were delivered over 2 min using a microinjection pump (CMA microdialysis AB, North Chelmsford, MA) (0.5 µL, final volume) and the injection needle was left in place for an additional 40-sec period to allow for diffusion away from the needle tip and to avoid any efflux of fluid through the injection site. The edges of the injection point were gripped with forceps while the microsyringe was slowly withdrawn. One eye of each animal received an injection of 0.2 mg/kg rotenone in the vehicle dimethylsulfoxide (DMSO) plus either 0.7 µg/kg (n =8 eyes), 7 µg/kg (n=8 eyes), or 70 µg/kg memantine (n=24 eyes), while the other received either 0.2 mg/kg rotenone in DMSO (n=23 eyes) or DMSO only as control (n=25 eyes). DMSO was used as a rotenone solvent, because it has been previously reported that it does not induce changes in retinal morphology, compared to non-injected subjects (Zhang et al., 2002) . Regarding rotenone, its threshold limit value time weighted average for aerial exposure in humans is 5 mg/m 3 , so the occupational exposure (operators dispersing the toxicant) is estimated to be below 0.7 mg/kg/ day. This is a dose that compares to the one chosen for the experimental model presented here. Animals were decapitated 1 hr (n=10 mice), 24 hr (n=28 mice) or 2 weeks (n=9 mice) after the injections and eyeballs were rapidly removed and frozen in isopentane (−40°C). In order to control for cut angle differences, eyeballs were transferred to cubic aluminum foil containers (2 mm 3 ), orienting their anterior-posterior axis parallel to surface. The containers were filled with Shandon M1 embedding matrix (Thermo Electron Corporation, Pitsburgh, PA) and stored at −40°C. Forty µm-thick sagittal eyeball sections parallel to the anterior-posterior axis were obtained in a 2800 Frigocut E Reichert-Jung cryostat (Leica Microsystems, Bannockburn, IL) at −18°C and were mounted on poly-L-lysine coated slides to create three adjacent series for histological analysis.
3 TUNEL staining
Detection of cells undergoing cell death in the retinal ganglion cell layer (GCL) was determined using the TUNEL technique by means of a commercially available kit (FD NeuroApop, FD NeuroTechnologies Ellicott City, MD) (Gavrieli et al., 1992) . Eyeball frozen sections were fixed in 4% paraformaldehyde, 0.5% glutaraldehyde, pH 7.4 for 45 min at room temperature and were subsequently treated according to the manufacturer's directions. Sections were air dried for 5 min, counterstained in methyl green for 5 min (0.5% methyl green in 0.1 M sodium acetate buffer, pH 4.2), dehydrated in 95% and 100% ethanol, cleared in xylene and coverslipped with Permount®.
Nissl staining
Nissl staining was used to obtain stereological estimates of GCL cell number and density. Frozen eyeball sections were delipidized in a series of 95% ethanol, 70% ethanol, distilled water, and 0.1 M sodium acetate buffer pH 4 (2 min each). Sections were stained in 0.1% cresyl violet in sodium acetate buffer pH 4 at 45°C for 7 min, differentiated in 70% and 95% ethanol and dehydrated in 95% and 100% ethanol. Slides were cleared in xylene and coverslipped with Permount®.
Complex I staining
Eyeball sections were stained for mitochondrial complex I activity following a well-established histochemical procedure based on the reduction of tetrazolium salts (Jung et al., 2002 , Zhang et al., 2002 . This staining technique allows the clear visualization of the retinal nerve fiber layer (RNFL) and was used to estimate retinal volume and the combined thickness of GCL and RNFL. Fresh-frozen sections were pre-fixed in a solution containing 0.5% glutaraldehyde and 10% sucrose PB for 7 min at room temperature, followed by 10% sucrose PB baths (3 × 5 min). Sections were then incubated at 37°C for 15-20 min with agitation in PB containing NADH (1 mg/ml), nitroblue tetrazolium (1.33 mg/ml), and sodium azide (0.065 mg/ml). After this, sections were rinsed, fixed in 10% paraformaldehyde for 30 min at room temperature, dehydrated in alcohol series, cleared in xylene and coverslipped with Permount®.
Stereological measurements
4.6.1 Retinal volume-Total retinal volume was estimated using the Cavalieri principle, which sampling methodology controls for biases introduced by object distortion and orientation (Henery and Mayhew, 1989) . Sections stained for complex I activity were visualized using stage microprojection and a systematic array of test points was randomly superimposed on the image of every fourth section [area per point, a(p) = 0.0144 mm 3 , after adjustment for 25X magnification]. Points randomly lying on the structure of interest, which included all layers and regions (central and peripheral) of the retina, were counted (ΣP). Together with d, the average distance between designated sections (d = 240 µm), ΣP was used to estimate the total retinal volume, as V ret = ΣP × a(p) × d. Distance d was then calculated as the distance between every fourth section (20 µm × 4) by the number of designated sections (80 µm × 3). A total of three eyeball sections were used to calculate d. Although originally sections were obtained at 40 µm, tissue processing led to section shrinkage in the z plane so a microcator-based estimate of the real section thickness was obtained as the mean distance from the top to the bottom focal planes of one section per eyeball. The estimated average real thickness was 20 µm. 4.6.2 GCL cell density-Density of cells in the GCL (cells/volume) was estimated from cresyl violet stained sections using the optical disector methodology, in which cells (except those on the top of the sections) were identified at 50X through the thickness of a section and were counted when they first came into focus within an unbiased counting frame (Harding et al., 1994) . Four samples per eyeball were obtained from a region adjacent to the optic pole at 200 µm intervals in the horizontal plane. This means that samples were restricted to the central retina and did not include the periphery. This sampling strategy was also used for thickness measurements. GCL cell density was calculated as Nv cells = ΣQ − /Σv(frame), where ΣQ − is the sum of cell counts per sample for one eye, and v(frame) is the area of the unbiased counting frame (0.0185 mm 2 , adjusted for 1500X magnification) multiplied by the average section thickness (d = 20 µm, as estimated for retinal volume measurements).
4.6.3 GCL + RNFL thickness-An estimate of ganglion cell layer + retinal nerve fiber layer (GCL+RNFL) thickness was obtained by means of a systematic analysis of complex I stained sections, which controlled for biases introduced by object shape (Gundersen et al., 1978 , Mayhew, 1992 . Additional control for object shape was obtained by using the same systematic sampling strategy used for GCL cell density. Eyeball sections selected for thickness estimates were those determined to have the largest diameter by 2X microscopic inspection, preferentially those in which the largest diameter of the lens, the pupil and the optic nerve were identified (Zhang et al., 2002) . Within each section, and in order to maximize the efficiency of the estimate while avoiding the effect of retinal thickness by position in the medial-lateral axis of the eye, data were obtained from systematic samples 100 to 200 µm adjacent to the optic pole of the eyeball section. Microscopic retinal images at 20X were analyzed using a microscopic image-processing system including an Olympus BX40 microscope (Olympus America; Lake Success, NY), a CCD camera (Javelin Electronics; Torrance, CA), and JAVA imaging software (Jandel Scientific; Corte Madera, CA). An isotropic uniform random system of test lines was superimposed on captured images and distances between intercepts of each line with GCL and RNFL were calculated. An unbiased estimate of GCL + RNFL thickness was obtained as T ret =ΣLength of intercept/No. of intercepts.
Retinal oxidative stress
Dihydroethidium (DHE) fluorescence was used to determine the levels of oxidative stress in unfixed frozen retinal sections. DHE is a cell permeable oxidative fluorescent dye that is oxidized to ethidium bromide by superoxide. Ethidium bromide is then trapped into the nucleus and intercalates with DNA exhibiting red fluorescence (Dayal et al., 2002) . On-the-slide sections were incubated in 10 µM DHE (Invitrogen, Carlsbad, CA) in PBS, pH 7.4 for 30 min at 37C in the dark. Fluid excess was removed and slides were coverslipped with ProGold antifading medium (Invitrogen, Carlasbad, CA). Images were captured with an epifluorescence microscope (BX61, Olympus, Center Valley, PA) at λ Ex: 490, Em: 520 nm, magnification: 20X, and with similar camera acquisition settings and exposure times for all sections. Digital images were analyzed for densitometry with Image J software (NIH). Data are expressed as the ratio of mean gray values in the region of interest/mean gray values of background.
Retinal energy metabolism
Retinal sections were stained with the quantitative cytochrome oxidase histochemistry technique as previously described (Gonzalez-Lima and Cada, 1994) . Frozen sections were fixed in 0.5% glutaraldehyde/10% sucrose in PB, pH 7.6 at 4°C for 5 min, followed by three baths of 10% sucrose in PB (5 min each). The sections were then incubated for 10 min in a solution containing 50 mM Tris, 1.1 mM cobalt chloride, 10% sucrose and 0.5% DMSO. After a 5 min rinse in PB at room temperature, the sections were stained for 60 min at 37°C in a PB solution containing 1.3 mM 3,3'-diaminobenzidine tetrahydrochloride, 75 µg/ml cytochrome c, 20 µg/ml catalase, 5% sucrose and 0.25% DMSO. Sections were fixed in 4% formalin in PB at room temperature for 30 min, dehydrated in ethanol series, cleared in xylene (3 times, 5 min each) and coverslipped with Permount®. Cytochrome oxidase activity was quantified by optical densitometry. Stained retinal sections were placed on a DC-powered light box, digitized and analyzed using a CCD camera (Javelin Electronics; Torrance, CA), a Targa-M8 digitizer and JAVA imaging software (Jandel Scientific; Corte Madera, CA). Digitized images were corrected for slide and light box artifacts by means of background subtraction. Optical density was averaged across three retinal sections per subject. Cytochrome oxidase activity was reported as µmol/min/g of tissue.
Statistical analysis
Dunnett's tests were used to identify groups whose means were significantly different from the mean of the reference control group (DMSO vehicle-treated eyes). This test is specifically designed for situations where all groups are to be contrasted against one control group, and it was used after ANOVA has rejected the hypothesis of equality of the means of the distributions. Dunnett's tests the null hypothesis that no group has its mean significantly different from the mean of the control group. Effect sizes and Dunnett-corrected independent samples one-way ANOVAs were performed to test the significance of differences in total number of TUNEL+ cells, retinal volume, GCL cell density, GCL + RNFL thickness, DHE fluorescence and cytochrome oxidase activity, between rotenone, memantine and control groups. "n" was equal to total number of eyes per group. All tests used a two-tailed p<0.05 as criterion for significance. The precision of all estimates was described with the Matheron transitive coefficient of error method, as described previously (West and Gundersen, 1990) . The coefficient of error (CE) was calculated with the formula:
where P is a single of the multiple measures of thickness, counted particles or volume estimates obtained from a given subject, A = P i × P i , B=P i × P i+1 and C = P i × P i+2 . In addition, the variability of the estimate introduced by the stereological method itself was obtained with the formula:
where BV = Expected Coefficient of variation (ECV)/Observed coefficient of variation (OCV), OCV = Standard deviation/Mean and ECV = OCV−CE. Memantine prevented the decrease in ganglion cell layer cell density induced by rotenone at 24 hr post-treatment. This neuroprotective effect on cell density was found for all memantine doses used (0.7, 7 and 70 µg/kg). The asterisk represents a significant group difference compared to control (vehicle-treated eyes). Dunnett's test, p<0.05. A single asterisk indicates that only the rotenone alone group (Rot) differed from control, while the groups with rotenone plus memantine were not different from the vehicle-treated control. Memantine prevented the retinal histopathological changes induced by rotenone at 24 hr posttreatment. The figure shows optic pole samples of sagittal retinal sections stained with the complex I activity technique. Light Microscopy, 50X. Panel A. The ganglion cell layer and the retinal nerve fiber layer (GCL+RNFL) from control eyeballs present a strong staining compared to other layers such as the inner plexiform layer (IPL). Panel B. Rotenone reduces retinal thickness mainly at the expense of GCL+RNFL, which has a mild staining intensity and appears fenestrated (black arrow), but also by affecting other retinal regions such as the photoreceptor layer (PR) (white arrow). Panel C. Rotenone plus memantine-treated retina (70 µg/kg) showed no signs of histopathology. Scale bar=20 µm. Dose-response neuroprotective effects of memantine on the thickness of ganglion cell layer and retinal nerve fiber layer treated with rotenone. High doses of memantine (7 and 70 µg/kg), but not a low dose (0.7 µg/kg) prevented the rotenone-induced ganglion cell layer and retinal nerve fiber layer (GCL+RNFL) neurodegeneration in the optic pole at 24 hr. Asterisks indicate a significant group difference compared to control (vehicle-treated eyes). Dunnett's test, p<0.001. The asterisks indicate that both the rotenone alone group (Rot) and the group with the lowest memantine dose (Rot + 0.7 Mem) differed from control, while the groups with rotenone plus higher memantine doses were not different from the vehicle-treated control. In situ detection of retinal oxidative stress by DHE fluorescence. Epifluorescence microscopy, 20X. Panel A: Vehicle-treated retinas show a weak signal in both the ganglion cell layer (GCL) (white asterisk) and outer retinal layers (white arrow). Panel B: Rotenone induced a marked increase in oxidative stress as seen by the increased fluorescence signal localized mainly in GCL (white layer). Panel C: The oxidative stress effect of rotenone alone was prevented by co-administration of 70 µg/kg memantine. Panel D: Summary group data of DHE fluorescence in GCL and inner nuclear layer (INL) relative to background for the control, rotenone (Rot) alone or co-administered with memantine (Rot + Mem 70). The black asterisk represents a significant group difference compared to control. Dunnett's test, p<0.05. Retinal energy metabolic capacity evaluated by quantitative histochemistry of cytochrome oxidase activity. After 2 weeks, 70 mg/kg memantine/rotenone-treated retinas showed an increased metabolic capacity relative to control. The metabolic activity in the memantine/ rotenone-treated group at 14 days was 76.4 percent higher than its counterpart at 1 day. No between group differences were evident at 24 hr. One asterisk indicates a significant group difference compared to control. Dunnett's test p<0.05. Two asterisks indicate a significant difference between 1 day and 14 days time points, ANOVA p<0.05.
